Cortical folding, or gyrification, coincides with several important developmental processes. The folded shape of the human brain allows the cerebral cortex, the thin outer layer of neurons and their associated projections, to attain a large surface area relative to brain volume. Abnormal cortical folding has been associated with severe neurological, cognitive and behavioural disorders, such as epilepsy, autism and schizophrenia. However, despite decades of study, the mechanical forces that lead to cortical folding remain incompletely understood. Leading hypotheses have focused on the roles of (i) tangential growth of the outer cortex, (ii) spatio-temporal patterns in the birth and migration of neurons, and (iii) internal tension in axons. Recent experimental studies have illuminated not only the fundamental cellular and molecular processes underlying cortical development, but also the stress state, mechanical properties and spatio-temporal patterns of growth in the developing brain. The combination of mathematical modelling and physical measurements has allowed researchers to evaluate hypothesized mechanisms of folding, to determine whether each is consistent with physical laws. This review summarizes what physical scientists have learned from models and recent experimental observations, in the context of recent neurobiological discoveries regarding cortical development. Here, we highlight evidence of a combined mechanism, in which spatio-temporal patterns bias the locations of primary folds (i), but tangential growth of the cortical plate induces mechanical instability (ii) to propagate primary and higher-order folds.
Introduction (a) General features and terminology of cortical folding
The brains of most large mammals-including humans, some other primates, dolphins, whales, cows, sheep, pigs, cats, dogs and ferrets-possess wrinkled, or folded, outer (cortical) surfaces [1] . In contrast, the brains of many other species, such as mice, rats and new-world monkeys, are smooth. Folding allows for a relatively large cortical surface area in relation to brain volume; the more complex the folding pattern, the greater the area-to-volume ratio. As shown in figure 1a (bottom), the human brain exhibits an intricate pattern of convex folds (gyri) and valleys (sulci). The first, or primary, folds emerge in consistent locations across individuals and between species. Folds that emerge later, called secondary and tertiary folds, appear more random in their locations and orientations [1, 2] . The brains of other large animals, such as the dolphin, whale, cow or pig, also exhibit these higher-order gyri and sulci and greater inter-individual variability at maturity. Species with smaller brains, such as the ferret, cat and macaque monkey, are characterized by simpler, more stereotyped folding patterns (figure 1a, top) consisting of mainly primary sulci and gyri [1, 3, 4] .
In humans, the folding process takes place during gestational weeks 16-40 [5] [6] [7] , spanning the second and third trimesters of pregnancy. In infants born & 2018 The Author(s) Published by the Royal Society. All rights reserved.
prematurely (figure 1a, bottom), much of this critical process occurs postnatally in a neonatal intensive care unit (NICU), so it is possible that folding may be impacted by clinical management. In ferrets (figure 1a, top), cortical folding occurs between two to four weeks after birth [4,8 -10] . In all cases, cortical folding occurs during a period of relatively rapid surface expansion, and the degree of folding increases with surface expansion [5] [6] [7] .
Metrics of cortical folding are important to objectively describe complexity of the folded surface. For instance, the gyrification index (GI) offers a useful global measure: cortical surface area divided by the area of its smooth 'convex hull' (the minimum surface area needed to fully enclose the brain). As a dimensionless ratio, GI is invariant under simple scaling. Local metrics of folding such as surface curvature (K) and sulcal depth (D) are also useful to describe spatial variations in folding. However, both curvature and sulcal depth are dimensional, so that any proportionately enlarged surface will have smaller curvature and larger sulcal depth than the original. To use these surface properties in comparisons between brains of differing sizes, dimensionless versions of these parameters, normalized by a 'characteristic radius' (R ¼ ffiffiffiffiffiffiffiffiffiffiffi ffi A=4p p ), offer a useful alternative: K* ¼ KR and D* ¼ D/R (figure 1b,c).
(b) Overview of developmental neurobiology
Long before the onset of cortical folding, the embryonic brain emerges from the anterior portion of the neural tube. During early stages, the walls of the neural tube contain pseudostratified, radially aligned neuroepithelial progenitor cells (NPCs), and embryonic cerebrospinal fluid (CSF) fills the lumen. Embryonic CSF exerts a mechanical pressure that inflates the anterior neural tube [11, 12] , stretching the walls tangentially (figure 2a). Embryonic eCSF also drives proliferation [13, 14] , a process which may be mediated by mechanical feedback [15, 16] .
By mid-gestation in humans (end of gestation in the ferret), the brain contains a relatively smooth pair of cerebral hemispheres. Similar to earlier stages, the CSF-filled lumen, or ventricle, of each hemisphere is lined by a neuroepithelial layer called the ventricular zone (VZ) (figure 2b). While some NPCs divide symmetrically to produce two new NPCs ( proliferation), others divide asymmetrically to produce one NPC and one neuronal precursor [17] . In the latter case, the differentiated neural cell migrates toward the pial surface of the brain to populate the preplate (PP, figure 2b). The cortical plate (CP) later splits the PP into a pial marginal zone (MZ) and a deeper subplate zone (SP). Remaining NPCs start to resemble radial glial cells [17] .
In some species, a distinct zone of cell proliferation, the subventricular zone (SVZ), emerges between the VZ and the CP (figure 2c). This layer contains intermediate progenitor cells (IPCs, also produced by asymmetric division of NPCs), which can divide to produce two new IPCs or two neurons. Neurons born in the SVZ migrate along the scaffold of radial glial cells into the CP. Furthermore, as layers develop and thicken, some radial glial cells (RGCs) lose contact with the apical brain surface. These basal radial glial cells (bRGC) can proliferate or differentiate into IPCs and neurons [18, 19] . Smart et al. [20] defined further stratification in primates: the inner subventricular zone with randomly oriented cells, an inner fibrous layer, the outer subventricular zone with radially aligned cells, and an outer fibrous layer [20] or intermediate zone [21, 22] . Most bRGCs are found in the outer subventricular zone and are more prevalent in animals with folded brains than animals without folding [18, 19] . The onset of cerebral cortical folding takes place after the majority of cerebral cortical neurons have completed migration from their sites of origin (cell layers near the surface of the lateral ventricle) to outer layers which will become cerebral cortex (figure 2d) [8] . By the end of the second trimester (week 26) in humans, the cortical plate is poised for expansion. In subsequent weeks, cortical neurons mature and form connections. This phase is marked by dendritic arborization-the emergence of branching dendritic fibres from the neuronal soma (cell body). These changes in cellular morphology coincide with changes in cortical cytoarchitecture from a radially oriented anisotropic tissue, due to the dominance of apical dendrites of neurons and radial glial fibres, to a laminar organization, due to the addition of tangentially oriented structures [23] . This microstructural change can be detected by diffusion tensor imaging: In early cortical tissue, water diffuses more readily parallel to the radial glial fibres and apical dendrites, but the extent of diffusion anisotropy decreases with cytoarchitectural development of the cortex [24, 25] .
Several neurobiological factors stand out with respect to the mechanics of folding. (i) Basal radial glial cells in the subventricular zone, which is more pronounced in developing brains of gyrencephalic animals, amplify neurogenesis [18, 26] . Intercalation of neurons into the developing cortex contributes to its expansion in surface area [27] . (ii) Once neurons arrive at the cortex, their maturation involves the elaboration of dendritic arbours, which induces further cortical expansion. (iii) If growing tissue is constrained by neighbouring tissue, expanding regions may be forced to bulge outward, compress, or buckle. (iv) Neural connections between distinct cortical areas, or between cortex and subcortical structures, are mediated by axons that ultimately are myelinated in mature white matter tracts. Developing axonal processes may exert mechanical influence on the cortex via tension or growth. To understand the potential mechanical effects of these neurobiological phenomena, we first review some key mechanical concepts.
(c) Key concepts in mechanics
Deformations of cells and tissues are governed by physical principles (such as the principle of force equilibrium), constitutive relationships (material properties) and the biological and chemical processes that underlie growth and remodelling.
Force equilibrium: The net force on a cell or tissue element is equal to the product of its mass and acceleration. Since acceleration is negligible for slow processes like cortical folding, the vector sum of external forces on such an element is almost zero. Such processes are described as 'quasi-static'. In quasi-static models, perfect force equilibrium (zero net force) is assumed.
Stress: Stress is a measure of force, normalized by the area over which the force is applied. Pressure is a particular example of stress in which the force is normal to a given surface and the magnitude is independent of the surface orientation. Shear stresses describe forces tangent to a surface. Tensile stresses act to elongate a material element (figure 3a), while compressive stresses shorten a material element (figure 3b). The units of stress are N m 22 , or Pa.
Strain: Strain describes the deformation of a body or element of material normalized by size. For example, a rod in tension will typically get longer and thinner. Axial deformation is the new length divided by the old length (l ¼ l=L . 1), and axial strain is the ( positive) change in length divided by the original length. Shear strain describes the change in angle between the sides of a deformed cubic element. Strain and deformation are dimensionless.
Material properties: Constitutive (material) properties describe the relationship between forces and deformations. Intrinsic material properties, which are independent of the size and shape of an object, relate stress to strain. For example, in a linear elastic material, stress is simply proportional to strain. Young's modulus, E (units Pa), is the ratio of axial stress in a stretched elastic rod to axial strain. Shear modulus, G (Pa), similarly relates the shear stress in an elastic material to shear strain. Highly deformable soft materials are termed 'hyperelastic' and are characterized by Figure 2 . Development in the gyrencephalic brain. (a) During early embryonic stages, the brain wall consists of pseudostratified neuroepithelial progenitor cells (NPCs, blue ellipses). Each cell maintains contact with both apical (inner) and basal (outer) surfaces. During embryonic stages, these cells experience mechanical tension (white arrows) [11, 12] . (b) As development continues, some NPCs divide asymmetrically to produce differentiated neurons (orange triangles), which do not maintain contact with the apical wall. Instead, neurons migrate toward the basal, outer surface along the radial scaffold (blue lines) provided by NPCs, the precursors to radial glial cells (RGCs). (c) In later stages, some NPCs divide to produce intermediate progenitor cells (IPCs, green ellipses), and some lose contact with the apical surface to form basal radial glial cells (bRGCs, light blue ellipses). These proliferative cell types populate the subventricular zone (SVZ), between the ventricular zone (VZ, filled with RGCs) and cortical plate (CP, filled with neurons). (d ) As neurons morphologically mature in the cortical plate, cortical grey matter (GM) expands faster than subcortical white matter (WM). At late stages, constrained growth of the grey matter may result in mechanical compression (white arrows). PP ¼ preplate. (Online version in colour.) rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170321 a strain energy density function (the work per unit volume required to deform the material). Several models of brain folding assume brain tissue is elastic [28] or hyperelastic [29, 30] . However, brain tissue is widely understood to be viscoelastic [31] , such that sustained tension can lead to stress relaxation as the tissue lengthens passively. Stressinduced tissue growth can mimic viscoelastic relaxation. In figure 3a, elastic stretch (tension) leads to positive growth and a new lengthened configuration with no stress. Conversely, compression typically leads to negative growth and a shortened configuration with no stress. Some models of brain folding, such as the model in figure 5 , incorporate viscoelastic behaviour explicitly to account for growth [32] [33] [34] .
Mechanical feedback: Cells both generate and respond to mechanical force [35] . For example contractile forces arise from interactions of myosin motor proteins and actin filaments. Actin polymerization itself can exert forces as filaments lengthen [36, 37] . Proliferation, maturation of cells and accumulation of extracellular matrix material all tend to increase tissue dimensions (tissue growth), which will generate forces against constraining boundaries. On the other hand, applied forces can influence motor stepping rates, actin polymerization and gene expression, which in turn affect the processes of proliferation and growth.
Stability: Equilibria can be stable or unstable. For example, if a pure axial load is applied to a rod, it will shorten slightly but stay straight (figure 3b). If the load is large enough (above a critical level), the straight, compressed solution still exists, but lower-energy buckled states may also exist. Any slight perturbation will lead to a large deformation (an instability) and the rod will take a new, buckled shape (figure 3c). Importantly, the buckled shape is not different for every perturbation, but reflects a characteristic 'mode' of instability. However, the specific state that emerges, i.e. whether the rod buckles to the left or to the right, may depend on the perturbation. In addition, any imperfection in the rod (deviation from perfect straightness and symmetry) will affect the final configuration. In the context of the developing cerebral cortical sheet, deformations resulting from compressive stress in the cortical plate due to surface area expansion would be anticipated to adopt the more stable, low-energy configurations.
Models of cortical folding (a) Overview of hypothetical folding mechanisms
Four hypotheses have dominated research and speculation into the mechanisms of cortical folding: (1) the skull constrains growth of the brain and causes compressive stresses and buckling; (2) tension in axons connecting adjacent regions of the cortex draws those regions together to form gyri; (3) tangential expansion of outer cortical layers, greater than in inner layers, causes folding by a mechanical instability; (4) programmed patterns of growth cause more neurons to emerge, proliferate, reach the cortex and expand in some regions (gyri) more than others (sulci). As shown in figure 4 , these models are not necessarily mutually exclusive. A plate or shell-like structure, expanding tangentially inside a rigid container, would have to fold. This concept has been proposed by several authors to explain cortical folding (as reviewed by Welker [1] ). Raghavan and co-authors [38] developed an explicit mechanical model of cortical folding based on this hypothesis. However, experimental studies by Barron, in which underlying brain tissue was removed to create space between the brain and skull [39] , showed that interactions with the skull are not needed to produce folding. In addition, the skull increases in size to accommodate brain growth [1] . Thus the role of skull in cortical folding has largely been discounted.
(c) Axonal tension
Axons in the living brain exist in a state of tension [40] [41] [42] , and axons in vitro will grow or shrink to maintain this tension [43, 44] . Based on these observations, Van Essen [45] hypothesized that axons draw together opposite sides of gyral folds, generating axonal tension while helping minimize total 'wiring' length of neuron-to-neuron connections in the brain [45] . Experiments have clearly confirmed tensile stress in white matter tracts [40, 41] of both the smooth mouse brain and the folded ferret brain. In these studies, tension was directly assessed by making small cuts into regions of cortical grey matter and subcortical white matter. In grey matter the cuts remained closed, but in white matter (axonal) tracts, cuts perpendicular to the axon fibres opened up.
However, the observed directions of tension are not consistent with the original axonal tension hypothesis. In the folded brain, cuts along the radial axis of each gyrus remained closed, indicating no tension pulling the walls of the gyrus together. On the other hand, circumferential cuts, perpendicular to the axis of each gyrus, opened up. These observations are consistent with two others: (i) Axonal tracts are primarily oriented radially in gyri (i.e. from the interior of the brain to the gyral crest), not across each gyrus [41] , and (ii) tension follows the axonal fibre direction. Thus, axonal tension does not play the role originally postulated by Van Essen [45] , though the stress state of axons in white matter may be important in other ways.
(d) Differential tangential growth (i) Elastic buckling models
During folding, the cortical plate must expand faster than subcortical brain layers to attain its large surface area relative to brain volume. This 'differential growth', meaning different growth rates in different layers, was proposed to explain cortical folding [28] based on two mechanical principles: (i) tangential expansion of an elastic layer, connected to an elastic foundation which does not expand, induces tangential compression in the expanding layer; (ii) a thin elastic layer under sufficiently large compression will become unstable and buckle (figure 3c). If the thin layer is supported by an elastic foundation, the buckled shape will be sinusoidal, with the wavelength determined by the relative stiffnesses (determined by the elastic moduli) of the layer and foundation.
Richman et al. [28] proposed the first quantitative model of folding based on differential growth. They analysed a model with two connected, growing layers of similar elastic material (equal elastic modulus in each layer, E 1 ¼ E 2 ) connected to a soft elastic core (E core ¼ E 1 /10). Growth was largest in the outer layer, so that compressive stress was induced in that layer. With these parameters, the authors obtained a theoretical prediction of wavelength that was consistent with the average wavelength (gyral peak-to-peak distance) of folding in the human brain.
In reality, the material properties in the outer and inner layers of the brain appear to be very similar. Xu et al. [41] measured the regional mechanical properties of the ferret brain by indentation but found no significant differences between cortical and subcortical regions during the period of folding. Data from other studies of sheep [46] and pig brains [47] show similar mechanical properties in grey and white matter.
More recent studies have shown buckling-type instabilities in growing outer layers with elastic modulus similar to that of the inner layer. For example, Dervaux & Ben Amar [48] built a physical model of differential growth using circular slices of gel, in which the outermost layer expanded by swelling. This outer layer exhibited folding with wavelength determined by the thickness and modulus of the outer layer. Theoretical predictions agreed closely with the observed shapes. Tallinen et al. [29, 30] extended experimental studies of differential growth into 3D, first using hemispheres of the elastomer polydimethylsiloxane (PDMS) in which the outer layer was expanded by swelling induced by immersion in hexane. By controlling the modulus and thickness of the swelling surface relative to the radius of the hemisphere, they obtained wrinkled surfaces that qualitatively resembled folded brains. Additional experiments, in which the starting condition approximated the smooth fetal human brain cortical behaviour: before folding, resulted in even more lifelike 3D gyrification. These authors [29, 30] also performed numerical simulations of growing hyperelastic (soft, highly deformable) materials and obtained shapes that closely matched their experimental observations.
(ii) Stress-induced growth and viscoelastic instability Models based strictly on uniform surface growth on an elastic foundation fail to replicate two key features of mammalian cortical folding. First, primary folds that are highly conserved between individuals have not been consistently and accurately reproduced. Second, models fail to recapitulate observed growth of the subcortical white matter. Developmental neuroanatomists emphasize that more superficial subcortical layers assume the folded shape of the cortex but deeper layers remain smooth [4, 49] . White matter architecture is critical to normal brain development, so useful models should capture the structural development of the subcortical layers.
In vitro studies have shown that axons, the primary component of white matter, grow in response to tension and reach an equilibrium length that maintains a small, but finite, level of tension [43, 44, 50, 51] . Thus, the white matter layer will probably respond to tensile stress by growing in the direction of tension and maintaining tension along the direction of axonal fibres (figure 3a). This prediction is consistent with the oriented tension observed in white matter [40, 41] . Since tension-induced axonal growth takes time, stress induced by relatively fast loading will relax with a characteristic time constant. This behaviour mimics the response of a viscoelastic material, in which the relaxation time depends on the ratio of 'viscous' resistance to elastic stiffness.
If the inner subcortical tissue is modelled as a viscoelastic material, a distinct type of viscoelastic instability (buckling on a viscoelastic foundation) occurs in response to growth of the cortical plate [33] . Because a viscoelastic foundation appears stiffer when loading is applied faster, the occurrence of viscoelastic instability, and the wavelength of the resulting surface, depends on the rate of cortical growth relative to the rate of relaxation in the subcortical region.
Toro & Burnod [32] incorporated stress-induced growth into a computer model of folding by including discrete, radial, viscoelastic fibres (representing the subcortical tissue zones) connected to an expanding elastic ring (representing the cortical plate). Simulations reproduced many qualitative features of folding, specifically the evolution of a wavelike folding pattern in the outer ring. They modulated the emergence and wavelength of folds by varying the growth rate, cortical thickness and stiffness of the outer layer. Folds were produced in specific locations by geometrical perturbations (small changes in initial shape) or spatial variations in model parameters (thickness or stiffness, for example). This elegant model demonstrated clearly that simple physics can produce rich folding behaviour, and it illustrated the qualitative effects of physical parameters.
Moving beyond one-dimensional, discrete elements, continuum mechanical models can more accurately represent the behaviour of tissue in 2D or 3D, as they capture stresses and deformations in multiple directions. By representing the subcortical region as a continuous viscoelastic foundation, Bayly et al. [33] obtained a theoretical prediction (a mathematical formula) for the effects of relative growth rate on the wavelength of cortical folds. The tangential dimension of the outer (cortical) layer was defined to grow at a rate of G T,0 (week 21 ). For example, if the tangential dimension doubles in one week then tangential growth G T ¼ 2 (dimensionless) and G T,0 ¼ 1 week 21 . In the inner (subcortical) layer, growth was assumed to occur in both radial and tangential directions (G R and G T ), but only in response to radial and tangential stresses (s R and s T ). This is a form of stress relaxation, described by the rate constant, R. In this viscoelastic material framework, any initial stress (s 0 ) will decrease to the equilibrium stress (s e ) according to the form s ¼ s e þ ðs 0 À s e Þ expðÀRtÞ [33] . Thus, the dimensionless ratio G G ¼ G T,0 /R describes how fast the cortex grows (G T,0 ) relative to the subcortical, stress-dependent growth response (R). Since growth occurs slowly (on the time scale of days or weeks), inertial effects are negligible, and cortical folding is treated as a quasi-static process. The formula for folding wavelength (l), as a function of relative growth rate (G G ) cortical thickness (h), and ratio of elastic moduli (b ¼ m/m f ) derived by Bayly et al. [33] is:
where G is a root of the characteristic polynomial:
This formula predicts that wavelength increases with cortical thickness and modulus (m) of cortex relative to modulus (m f ) of subcortical regions. Furthermore, this formula predicts that the larger the ratio of cortical to subcortical growth rates (G G ), the shorter the folding wavelength. The effects of cortical thickness and elastic moduli in the two layers are consistent with experiments and simulations from other groups (i.e. Dervaux & Ben Amar [48] ; Tallinen et al. [29, 30] ; Toro & Burnod [32] ). The predicted effect of relative growth rate on folding wavelength was also observed in computer simulations [33] , which provides complementary (albeit also theoretical) evidence in support of the prediction. Figure 5 demonstrates the simulated evolution of subcortical growth (stress relaxation) and brain folding based on a numerical (finite element) model of the behaviour described above. Importantly, initial conditions had a strong effect on the locations of major folds, and could under some conditions overwhelm the effects of relative growth rate, thickness and material properties. In many cases, initial perturbations (figure 5b) were amplified by differential growth (figure 5c), producing predictable 'primary' folds (figure 5d), while the viscoelastic instability produced superimposed 'secondary' folds of variable location (figure 5e).
Subsequent numerical simulations by Budday and co-authors [52, 53] extended the modelling of stress-dependent growth into 3D and confirmed that the ratio between growth rates in outer and inner layers affects folding wavelength. Budday et al. [52] specifically hypothesize that the two factors, relative growth rate and cortical thickness, may explain the pathologies of folding comprising lissencephaly, pachygyria and polymicrogyria. Holland et al. [54] further extended this model to include subcortical anisotropy, reasoning that more axon elongation will occur in the direction of axon orientation than in other directions. Their simulations predicted that subcortical axon orientation can alter the locations of gyri and sulci, suggesting that tissue anisotropy is another important parameter.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170321 (iii) Cellular mechanisms of differential tangential growth Mathematical modelling of differential growth may have proceeded beyond the current understanding of the cell biology of cortical and subcortical growth. For example, the precise mechanism by which the cortical plate expands tangentially (in area), but not much radially (in thickness), is not completely clear. Since the period of folding is later than the periods of most neuronal birth, proliferation and migration, these events probably set the stage for cortical expansion, rather than drive it directly. Richman and co-authors [28] originally suggested that neuronal maturation, particularly dendritic arborization, may provide a dominant mechanism of tangential growth, due to the coincidence in timing of cortical folding and morphological differentiation of cells in the cerebral cortex [28] . More recent observations with diffusion-weighted MRI further support this possibility [24, 55, 56] . Before folds appear in the cerebral cortex, water diffusion in the cortical plate is strongly anisotropic. Radial diffusion is less restricted than diffusion tangent to the surface, apparently due to the effects of morphologically undifferentiated, and tangentially oriented, glial and neuronal cell processes restricting diffusion perpendicular to their axes. As neurons mature and extend branching dendrites, these cell projections provide new pathways for unrestricted diffusion in tangential directions, rendering diffusion more isotropic. In ferrets, the timing of the loss of water diffusion anisotropy [36] coincides with morphological differentiation of pyramidal neurons, as assessed by Golgi staining methods [57, 58] . Within-subject comparisons of water diffusion anisotropy and dendrite orientation complexity [55] have further confirmed that the loss of anisotropy correlates with increasing arborization. Lastly, longitudinal in utero diffusion tensor imaging measurements have demonstrated correlations between the loss of cortical diffusion anisotropy and folding in the fetal rhesus macaque brain [56] .
An alternative, or additional, mechanism for cortical expansion is late intercalation of previously born neurons from subcortical layers [27] . Several authors [17] [18] [19] 26] have noted a histologically distinct layer found in gyrencephalic animals, the outer subventricular zone, where basal radial glial cells (bRGCs) proliferate or produce intermediate progenitors; by contrast, bRGCs in the lissencephalic mouse divide only once to directly generate two neurons [19, 26] . The resulting increase in bRGCs and intermediate progenitors, both of which can produce neurons, boosts the final number of neuronal cells in the cortex of folded brains. The bRGCs themselves appear to fan out [18, 59] perhaps providing a wider path for migrating neurons (figure 2d ) and enabling more to reach the cortex.
It is now important to determine the biomechanical implications of this biological difference between gyrencephalic and lissencephalic species. Interestingly, dissection experiments in mouse revealed tangential compressive stress in the cortex [40, 41] , suggesting some increase in cortical expansion relative to subcortical layers, though this difference appears insufficient to induce folding. Future studies are needed to understand how enhanced mechanisms of cortical neurogenesis contribute to differential growth. An additional consideration is that increased cortical thickness relative to (initial) brain size can increase the growth threshold for inducing folding [33, 52, 60] .
(e) Patterned growth (i) Growth beneath gyri
In addition to growth differences between layers, growth of the brain may be heterogeneous within each layer. While growth that differs between layers (i.e. the 'differential growth' in models described in the previous section) is sufficient to cause folding, spatial patterns along a single layer have also been reported [17, 61, 62] . Such spatial patterns, if consistent among individuals of a given species, might underlie the consistently located primary folds that dominate the geometry of the ferret brain and dictate many features of human neuroanatomy.
Smart & McSherry [3, 4] noted that the subcortical tissue expands heterogeneously in the radial direction, with its largest radial expansion under gyri. They interpret this to mean that gyrification is driven by non-uniform radial expansion (mushrooming) of the subcortical layers, and that effects of this heterogeneous radial growth are amplified by increased radial expansion in the gyral crowns relative to sulcal valleys.
In contrast, in the differential (tangential) growth model of Bayly et al. [33] , heterogeneous radial expansion of the subcortical tissue results from folding of the outer layer (secondary folds in figure 5d,e). How can one distinguish whether the subcortical layers 'push' the cortex outward to form a gyrus, or whether the folding cortex 'pulls' the inner layers outward via stress-induced growth? The existence of tension, rather than compression, along the radial axis of each gyrus provides direct physical evidence for the folding cortex 'pulling' on underlying gyral tissue [41] .
Nevertheless, birth and proliferation of neurons and glial cells may be different under gyri and sulci, particularly those of primary folds. Kriegstein et al. [17] showed that proliferative layers were thicker under incipient gyri than incipient sulci. Later, the Kriegstein and Borrell groups [18, 19, 26] showed that proliferation in the oSVZ enriches neuronal density in the cortical plate. As noted above, Borrell and coauthors [18, 19] have shown that basal radial glial cells (bRGCs) fan out tangentially under gyri in the developing ferret. These tangentially spreading bRGCs are not found below sulci in the developing ferret brain, nor anywhere in the developing mouse brain. The accumulation of evidence suggests that heterogeneous patterns of bRGC birth and proliferation do exist and play a significant role in determining the location of primary folds.
(ii) Reconciling patterned and tangential growth hypotheses Two key points should be kept in mind with respect to the role of patterned birth and proliferation. First, these patterns probably modulate tangential expansion of the cortex as much as, or more than, radial expansion. Thus, observations of heterogeneous neurogenesis are consistent with previously described differential growth models ( §2d), albeit with tangential growth that is non-uniform within the cortical layer. Second, studies in animals that exhibit mainly primary folds, such as the ferret, necessarily emphasize processes that drive primary fold formation.
In the differential growth model by Bayly et al. [33] , the location of the first ( primary) gyrus was specified by a local increase in radial growth, but subsequent (secondary) folds evolved from mechanical instability. As depicted in figure 5 , such models suggest that the patterned (radial) rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170321 growth hypothesis and differential (tangential) growth hypotheses are not mutually exclusive.
An additional, intriguing, possibility is that mechanical stress itself may initiate patterns of proliferation, differentiation, migration and maturation. Studies in chicken embryos suggest that neuroepithelial progenitor cells, precursors to basal radial glial cells in the oSVZ, proliferate in response to mechanical feedback [13, 15, 16] . Substrate mechanical properties [63] and mechanical tension [64] have been shown to affect the differentiation of stem cells into neurons. Franze and colleagues [65, 66] have shown that axons are mechanosensitive, and several authors have observed that the emergence of neurites [43, 51] , as well as synapses [67] , are affected by tension.
For instabilities induced by uniform cortical growth, Bayly et al. [33] showed that mechanical stress becomes heterogeneous in the subcortical layers before any noticeable change in shape occurs. Local radial stress (e.g. in the proliferative oSVZ) may be sufficient to induce radial growth (e.g. patterning of the oSVZ) below a prospective gyrus. In this case, a 'primary' fold could emerge due to mechanical instability, but in a precise location based subtle factors that induce nonuniform stress in subcortical layers. As the geometry changes, so do the patterns of subcortical stress. As in figure 5 , local stress in subcortical layers may induce radial growth and additional 'secondary' folds. In a similar way, stress patterns-and therefore folding patterns-may be influenced by physical factors including initial geometry, anisotropy of cell process orientations [54] , regional variations in mechanical properties [32] or regional variations in cortical growth.
On a larger scale, spatial and temporal variations in cortical areal expansion have been observed in magnetic resonance imaging (MRI) studies of ferret, macaque and human brain (figure 6) during folding. Spatial variations appear to span multiple gyri and sulci, and patterns change over multiple days (ferret) [9] or weeks (human) [7] , consistent with patterns in cortical maturation and functional development. Although a region of interest based approach was adopted in macaque [56] , regional patterns identified were similar to those found in ferrets and humans. By incorporating these regional patterns of tangential expansion, future 3D models may better recapitulate primary folding in human [29, 30] , or subtle folding differences observed in neurological disorders like epilepsy, autism, schizophrenia and bipolar disorder.
Conclusion and outlook
Recent work has clarified both the mechanics and cell biology of cortical folding in the brain, while leaving significant questions unanswered. Key points made in studies reviewed above include:
(1) Axonal tension exists in folded brains but does not drive folding. In particular, axonal tension is not selectively applied between walls of gyri to draw them together and create convex folds. However, tension-induced growth of white matter, and the amplitude and direction of residual axonal tension, probably modulate folding patterns. (2) Heterogeneities in cortical growth exist within and across layers, and probably determine the locations of primary sulci. Tangential and radial growth are both heterogeneous, with effects that may be induced or amplified by mechanical feedback.
(3) Differential tangential growth (expansion of the cortex at a greater rate than subcortical layers) explains many features of cortical folding.
(a) Uniform expansion of the outer cortical layer, constrained by an elastic inner core of similar modulus, produces folding similar to that seen in brains of gyrencephalic species, with wavelength determined by cortical thickness, relative stiffness differences (if any) and initial surface imperfections (if any). (b) Uniform cortical expansion, constrained by stressdependent (or viscoelastic) growth of the inner core, additionally explains the observed growth and stress state of subcortical white matter. Folding wavelength is determined by cortical thickness, relative stiffness difference (if any), initial surface imperfections (if any) and growth rate of cortex relative to subcortical layers.
Open questions remain. How are cells generating force during folding? Furthermore, how do these cells respond to mechanical force during folding? Definitively and quantitatively, researchers must determine the contributions of specific cellular activities to the rapid expansion of the cortex. Although much progress has been made in recent years, the causes and effects of patterned neurogenesis remain a topic of active research. Quantitative studies of the mechanobiology of neural tissue, and the continued development of models to rigorously assess biological hypotheses, will accelerate progress toward answering these questions.
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